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SUMMARY 

by A. P. Naumov 

An incons i s t ency  i s  noted i n  t h e  Maryott-Birnbaum hypothesis  
about  t h e  reFonance frequency s h i f t  of t h e  microwave spectrum of oxygen 
abeorp t ion  f o r  preesures  of s e v e r a l  atmO6phere6. It i s  shown t h a t  t he  
approximate accounting f o r  t he  nonresonance abso rp t ion  of  O2 is s u f f i c i e n t  
f o r  t h e  a u a n t i t a t i v e  explana t ion  of  t h e  r e s u l t s  of  measurements of micro- 
radiowave absorp t ion  a t  high pressures .  The d e s c r i p t i o n  of t he  oxygen absorp- 
t i o n  spectrum i n  the  5mmband may be obtained by the  s t anda rd  method f o r  
p r e s s u r e s  P, 7~ 8 a t m .  

* 
The ques t ion  of cent imeter  and mi l l ime te r  radiowave absorp t ion  by 

oxygen molecule6 a t  increased  pressures  of t h e  o r d e r  of several  atmOPpheret3 
wa6 l a t e l y  d iscussed  on s e v e r a l  occasions I1 - 41 (see a l s o  t h e  review E51 ). 
The experimental  and t h e o r e t i c a l  r e s u l t s  of t h e  works Cl-33 allow t o  o b t a i n  
a d d i t i o n a l  information on the  spectrum of  atmospheric oxygen (nonresonance 

abso rp t ion ,  dependence of  t h e  width of oxygen l i n e s  on p r e s s u r e ) ,  which i n  
i t e  t u r n  i s  p r e r e q u i s i t e  f o r  making more p r e c i s e  the c h a r a c t e r i s t i c s  of 
microwave propagat ion,  for t h e  s o l u t i o n  of c e r t a i n  geophysical  problems, 

and eo f o r t h .  We should l i k e ,  however, t o  draw a t t e n t i o n  t o  t h e  unce r t a in ty  

of the i n t e r p r e t a t i o n  of t h e  reFpect ive experimental  r e s u l t s  presented i n  
El, 3, 41. It i . r  r e f e r r e d  here t o  t h e  hypo the t i ca l  a s s e r t i o n  b t  Mayriott-  
Birnbaum c11 of resonance s h i f t  of oxygen t r i p l e t s  V K + ( P )  a t  pressure  
i n c r e a s e ,  which rece ived  a q u a n t i t a t i v e  t rea tment  i n  c31. An attempt t o  

s u b s t a n t i a t e  t h i s  hypothesis  t h e o r e t i c a l l y  has been made in t he  work C41, 
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2. 

According t o  t h e  opinion of the au thors  of C31 , the re  takes p lace  

f o r  t h e  oxygen spectrum at  preestlre P t h e  c o r r e l a t i o n  

vK*(P)  = - aP , (1) 

where yoKk is t h e  resonance frequency at low pressure  ( P y  2 + 10 mm Hg) 
a = 0,4 Mc/rnmHg. It follows from t h e  expression (1) t h a t  f o r  P 
VK* (P) - = 0.3 g cps, t h a t  is, i n  the  resonance reg5on v i *  N 60 g cps , t he  

s h i f t  of resonance f requencies  c o m t i t u t e s ,  according toC31r n e a r l y  0.5 % 
even a t  l j t anda rd  atmospheric condi t ions.  Such a low depar ture  of resonance 

f requencies  of oxygen t r a n s i t i o n s  from the  usua l ly  admitted r e q u i r e s  none- 
t h e l e s s  a s u b s t a n t i a l  reviewing of a s e r i e s  of data on t h e  oxygen abso rp t ion  

spectrum. In p a r t i c u l a r ,  t he  half-widths of atmospheric oxygen's s p e c t r a l  
l i n e s ,  which cannot be measured d i r e c t l y  at sea l e v e l  because of line over- 

l a p p i n g  and a r e  found only from t he  comparison of t he  experimental  absorp- 
t i o n  c o e f f i c i e n t  i n  t h e  resonance reg ion  w i t h  the  c a l c u l a t e d  one, w i l l  d i f f e r  

in t he  presence of t he  s h i f t  v:, by about 3O%, while t he  equiva len t  p a t h  
l e n g t h s  of  radiowaves i n  the  terrestr ia l  atmosphere i n  A35mmwavelengths  
w i l l  depar t  from the  va lues  found i n  [ 9 ,  301 by 

760 mm Hg 

30 + 40 percent .  

1. -We s h a l l  b r i e f l y  d i scuss  the  arguments, which l e a d  the  au tho r s  
of El, 3, 41 t o  t he  cor robora t ion  of the  s h i f t  of O2 resonance frequencies .  

a )  The excess  of measured radiowave absorp t ion  in oxygen at P )10atm 

and a t  f requencies  V = 9.07 g c p s  and 23.34 g c p s  from the computed absorp- 
t i o n  [6] se rved  i n  [l] as such an argument. An attempt [l] t o  "improve" 
the  computed va lues  of the  absorpt ion c o e f f i c i e n t  C6J by decreas ing  those 

of v i *  met w i t h  ob jec t ions  a l ready  i n  [2], where i t  w a s  shown by the per- 

t u r b a t i o n  method tha t  the  matr ix  elements of t he  ene rge t i c  s t a t e s  of t h e  

molecule 02, and consequently t h e  resonance f requencies  "0,; t oo  do not  
vary t o  any notable  e x t e n t  a t  pressure  increase.  It w a s  also found i n  c23 
t h a t  the  mat r ix  elements cf  t r a n s i t i o n s  K + 1 c- K - 1 become d i f f e r e n t  
from zero a t  P >10 atm a n d t h e  r e spec t ive  quantun t r a n s i t i o n s  condi t ion  in 
t h e  s p e c t r a l  r eg ion  s t u d i e d  by Mayriott-Birnbaum a higher  radiowave ahsorp- 

t i o n  C11. 
b )  Authors of [3] measured the  absorp t ion  i n  a s e r i e s  of frequen- 

c i e s  i n  the  range 9 = 48 + 70 g.cps at p re s su res  P = 0 + 14 a t m .  T h i s  



band l i e s  i n  t h e  oxygen absorp t ion  maximum and the  t r a n s i t i o n s  K + I t  4 
-+ K - 1 do n o t  c o n t r i b u t e  t o  t h i s  region. It was found t h a t  t h e  v a l u e s  
of the  abso rp t ion  c o e f f i c i e n t s  of 0 2 , t h e o r e t i c a l  as w e l l  as exper imenta l ,  

v e  i n  a s a t i s f a c t o r y  ngreement,provided we e s t i m a t e  the  cond i t ion  ( 1 )  as 
f u l f i l l e d  (nowhere d i d  the  d i sc repanc ie s  of  c a l c u l a t i o n s  exceed 15 !?6 r e l a t i v e  

t o  exper imenta l  da t a ) .  I n  the abso rp t ion  c o e f f i c i e n t  was computed by 
t h e  formula 

where Y K i  and A v K *  a r e  r e s p e c t i v e l y  t h e  i n t e n s i t y  and t h e  half-width of  t h e  

s p e c t r a l  l h e  at l o w  pressure ,  k is t h e  half-width of the  l i n e  at p re s su re  
P, 3 and 3 are r e s p e c t i v e l y  the  o u t e r  f i e l d  f requency i n  cm'land i n  
g.cps, p i s  the speed of l i g h t .  

Fornula  (2) has  been obta ined  i n  the fo l lowing  assumptions : 

1) the shape of the  spectral l i n e  is descr ibed  bv the Van Vleck- 

Weisskopf expres s ions  h . 2 3 ,  the  term 8v[(v  t v i *  - + :ag)"J-l b e ing  a t  t h e  

t ime neg lec t ed  by comparison with t h e  term b [ ( v  - v i *  + + (~;-J)']I-' ; 

2 )  i t  is  es t ima ted  t h a t  nonresonance abso rp t ion  of 02 is neg lec t ing -  

ly small  by comparison wi th  the  resonance abso rp t ion  i n  the  e n t i r e  band 

3 49 + 7 0 g .  CPS. 
Even i f  we accept  the  viewpoint of t h e  au tho r s  of C31, t he  e r r o r  

i n  formula (2)  i s  st i l l  easy t o  d e t e c t . I n  r e a l i t y ,  fo l lowing  t h e  deduct ion  
i n  C61, of  t h e  formula for t he  absorp t ton  c o e f f i c i e n t  of 02 ,  and e s t i m a t i n g  
t h a t  a t  low pres su re  P l w e  have (when the  c o n t r i b u t i o n  of a l l  l i n e s  b e s i d e s  
the  cons idered  one can be neglec ted)  

( t h e  r o t a t i o n a l  cons t an t  of the oxyfen molecule B = 1.44cmD1, k is t h e  
Boltzmann c o n s t a n t )  , we s h a l l  f i n n l l y  have 



4. 

The d i f f e rence  i n  formulas (2) a n d  (4 )  is of l i t t l e  e f fec t  i n  the  resonance 

i t s e l f ,  b u t  i t  is s i g n i f i c a n t  a t  the extremities of t h e  bam3 48-70 g.cps. 
Thus, i f  t h e  c a l c u l a t i o n  by formula (2)  i n  the  f r equenc ie s  3 = 48.9g. cps  

and 68.7 g, cps  l e a d s  t o  d iscrepancies  wi th  the  experiment of C31, by, say 

2 - 3 % 9 t h e  analogous comparison wi th  the  c a l c u l a t e d  value of y by t h e  

formula (4) w i l l  a l r eady  give a depar ture  of n e a r l y  1%. 
c )  The s h i f t  of resonance f requencies  of 02 I n  C41 is i n t e r p r e t e d  

with t h e  a i d  of t he  theory  of a d i a b a t i c  c o l l i s i o n s  ( q u a n t i t a t i v e  estimates 

Of t he  va lues  of a i n  the  theory  brought ou t  i n  [4] are absent ) .  But i t  
i s  w e l l  known (see f o r  example #7, ch.13 i n  C16]), t h a t  i n  the  microwave 
band t h e  l a t t e r  have no s i g n i f i c a n t  value,  f o r  t he  i n t e r a c t i o n  energy between 

c o l l i d i n g  molecules, necessary for a notable  phase v a r i a t i o n s  of the  o s c i l -  
l a t i n g  molecule ( c h a r a c t e r i s t i c  of a d i a b a t i c  c o l l i s i o n ) ,  i s  g r e a t e r  than i6 
r equ i r ed  f o r  t hez ikens i t i on  between t h e  ground and t h e  exc i t ed  a t a t e s .  PZore- 
ove r ,  t h e  k i n e t i c  energy of  molecules is s u f f i c i e n t l y  great at s t anda rd  ten-  

p e r a t u r e s  (a > h J ) .  The l a t t e r  is one of t h e  cond i t ions  of ex i s t ence  of  
t r a n s i t i o n s  a t  c o l l i s i o n s ,  t h a t  is, i t  c o r x t i t u t e s  evidence of t h e  obvious 
predomination of a d i e b a t i c  c o l l i s i o n s  i n  t he  microwave band, which do not  

l e P d  t o  any s h i f t  of resonance frecuency. 

- 

. 

Evident ly ,  t h e  above-said does not  exclude P c e r t a i n  e f f e c t  of adia-  

b p t i c  c o l l i p i o n s  upon the micraveve spectrum; thece take  p lace  a t  any rate 
end induce small s h i f t s  of reeonance frequencies*vR, 

(Bee f o r  example 

f o r  t h e  pure oxygen, u t i l i z i n g  the usua l  w r i t i n g  of Cgl 
w e  have ~ / ( a , , ) , ~ < 0 , 0 5 .  
is a l r e a d y  no l o n g e r  f u l f i l l e d  f o r  the  spectrum of oxygen i f  w e  use t h e  

value a = 0.4Mc / mm Hg proposed by t h e  au thors  of c31 

But spec t roscopic  d a t a  

L161) l e a d  t o  the f o l l o a i n g  es t imate& : I v~* ( f ) -v i *  I <Oto5 

Bv = [ ‘ K + ( P ) ] C p f ,  

It is easy t o  a s c e r t a i n  t h a t  the l a s t  c o r r e l a t i o n  

and the  value 

1.17 Mc/mm Hg proposed by the  au thors  of C93. 
As t o  t h e  inve r s ion  spectrum of ammonium, of which analogy with t h e  

above is in t roduced  by t h e  au thors  of [I, 33 and f o r  which the p re s su res  

p Z 1 + 2 atm, a noteb le  resonance frequency 

came  of  t h e  s h i f t  consifi ts  here  i n  t h e  c h a r a c t e r i F t i c  of i n t e r a c t i o n  of 
molecules  having such a conf i zu ra t ion .  Considerat ion of  vave functionP of 

decrease is observed, t he  

y r t u r b a t i o n  confirms the  p o a F i b i l i t y  of inverEion f requencies  s h i f t .  -3 



5 .  

But t h e  example noted ha6 no r e l a t i o n s h i p  of any k ind  with t h e  microwave 
spectrum o f  oxygen. 

L 1  - 41, i t  i f f  p o s s i b l e  t o  conclude t h a t  t h e  hypothesi6 o f  oxygen resonance 

f requencies  s h i f t , a t  p re s su re  i n c r e a s e ,  
conf i rmat ion  ( see  [21), and i t s  only  source  is i n  the  non-correspondence 
Of t he  Van Vleck theory C61 with the  experimental  r e s u l t s  of c 1 ,  31. 
Amongst t h e  l a t t e r  r e f e r e n c e s  t h e  g r e a t e r  i n t e r e s t  is of fe red  by those  of 
[31 a t  p(.  atm, obta ined  i n  the resonance r eg ion ,  where t h e  s h i f t  of fre- 
quencies YK* is most s i g n i f i c a n t  f o r  t h e  value of  abso rp t ion ,  so long as 
i t  a c t u a l l y  t a k e s  p lace .  Moreover, t h e  t r a n s i t i o n s  K + 1 4  3 K - 1 ,  r e s o l -  

ved a t  h igh  p res su res ,  do not  c o n t r i b u t e  t o  abso rp t ion  i n  t h a t  reg ion  and 

they  do n o t  d i s t o r t  t h e  spectrum of  

Drawing a balance shee t  of  t he  b r i e f  c r i t i c a l  review of the  works 

d i d  n o t  r ece ive  a t h e o r e t i c a l  

02. 

2.-The first t h i n g  t h a t  imposes i t s e l f  i n  t h e  way of  i n t e r p r e t i n g  
t h e  measurements of  L31 is the e l i m i n a t i o n  of t h e  d e f e c t  i n h e r e n t  t o  t h e  

shape o f  t h e  Van Vlech-Weisskopf l i n e  which was u t i l i z e d  i n  t h e  computa- 

t i o n s  of c 1 ,  3 j 4  Thi r  d e f e c t  c o n s i s t s  i n  t h a t  t he  absorp t ion  maximum f o r  
each l i n e ,  computed by t h e  formula (2) a t  a = 0, take6  p lace  i n  t h e  frequen- 

cy vA,= v E +  -k (AvK-)','v;+ 

by e v a l u a t i n g  w i t h  t h e  aid of formula (2) t he  e o u a l i t y  d'ildv = 0. The circum- 
e t a n c e  noted does no t  a f f e c t  t h e  spectrum o f  0,at a l l  under s t ande rd  atmo- 
Fphe r i c  cond i t ions ,  so t h a t  the corresPonding s h i f t  of resonance frequency 
is equa l  t o  0.0006 g. cps and t h e  term ' ( ! ~ ~ + ) ~ / v ~ ~ *  c o n s t i t u t e s  only 0.01 % 
o f  t h e  va lue  of  v t f .  However, a t  pressure  P z 1 0  atm, t h e  term (AvK+_)'/v;+_ is a l -  

r eady  equal  t o  l . k g . c p s ,  which notab ly  d i s p l a c e s  t h e  t h e o r e t i c a l  absorp- 
t i o n  curve toward t h e  s i d e  of  high f requencies .  A t  s u b s t i t u t i o n  i n  (2) of  

and not  v i *  * . It i E  easy t o  convince onese l f  cf t h a t  

V i t  by ''E* - (AV~L)2/*/?,= ( i t  is es t imated  t h a t  a = 0) t he  computed abso rp t ion  
c o e f f i c i e n t  corresponds b e t t e r  t o  experimental  data of 133 t han  wi thout  

t a k i n g  i n t o  account t h e  c o r r e c t i o n ,  bu t  q u a n t i t a t i v e l y  t h i s  improvment is 

i n s u f f i c i e n t  f o r  t h e  complete i n t e r p r e t a t i o n  of measurements of C33**. 

* The shape of  t he  s p e c t r a l  l i n e  obtained from t h e  s o l u t i o n  of  t he  k i n e t i c  
equa t ion  c143 g i v e s  t h e  abflorption maximum i n  t h e  frequency 
* * For c e r t a i n  f requencies  t h e  computed abstrptiz:: c z e f f i c i c n t .  is sma l l e r  
t h a n  the  measured one by N 30+ 50%. 



6. 

The s u b s t i t u t i o n  i n  formula (4) of the s t r u c t u r a l  Van Vleck-Weisskopf 

f a c t o r  by the  shape of  t h e  l i n e  from t h e  k i n e t i c  equat ion  C141,which 
appears  t o  be c u r r e n t l y  t h e  most c o r r e c t ,  does not  a l low t h e  b r ing ing  t o  

agreement the  t h e o r e t i c a l  and e rper imenta l  d a t a  e i t h e r  L31 ( see Fig6 1 -4) 

It should ,  however, be  noted t h a t  a l l  t he  computed curves  which 
were compared w i t h  t h e  experimental results of C33, have been obta ined  
without t a k i n g  i n t o  account t h e  nonresonance abeorp t ion  of 02. The neg- 

l e c t i n g  of t h e  l a t t e r  by conparison w i t h  t he  resonance absorp t ion  i n  the  
reg ion  3 = 48 + 70 g,cps 

e s t ima te  of t he  nonresonance p a r t  by t h e  Debye formula and o f  the  resonance 
P a r t  by t h a t  Of van velCk-'&isskOpf. I f  i n s t e a d  of us ing  the  erroneous 

shape of t h e  Van Vleck-Weisskopf l i n e  we u t i l i z e d  f o r  t h e  computation of  
t he  resonance p a r t  of 9 absorpt ion t h e  one according t o  the  k i n e t i c  equa- 
t i o n  C141, t he  resonance p a r t  of absorp t ion  i n  the  region A ~5 w i l l  va ry  

very  l i t t l e  C93*, s i n c e  nea r  t h e  c e n t e r  of t h e  l i n e  the  v a r i o u s  shape6 
are c l o s e  t o  one another .  As t o  t h e  d e s c r i p t i o n  of t h e  nonresonance absorp- 
t i o n  by t h e  Debye formula,  t h e  i l l e g a l i t y  of t h i s  u'ss a l r eady  more than  
once noted i n  l i t e r a t u r e  [ 9 , 1 3 , 1 4 , 1 9 ,  201. I n  p a r t i c u l a r ,  mepsuremente o f  

atmoephere absorp t ion  i n  decimeter  x%25+ 60cm c19, 311 and mi l l imeter  
1 -+ 2 mm waves CUI, where radiowave damping i n  oxygen is condi t ioned 

stem, according t o  au thors  of c31, from the  

o n l y  by t h e  nonrefonance ? a r t * * ,  are evidence t h a t  t h e  Debye express ion  
provides  s u b s t a n t i a l l y  underrated valueE f o r  t h e  nonresonance absorp t ion  
c o e f f i c i e n t  f "P 

The mechanism of nonreionance oxygen absorp t ion  is l i n k e d ,  a6 is 
w e l l  known, with e x c i t a t i o n  at c o l l i s i o n s  of diagonal matrix elements of 

t h e  magnetic molecular  moment C63 . The quantum-mechanics analogue of non- 

resonance absorp t ion  are the  Zeeman t r a n s i t i o n s ,  f o r  t h e  M-spl i t t ing  of 

t r i p l e t  oxygen l e v e l s  t akes  place i n  the  in t e rmolecu la r  magnetic f i e l d  

a t  c o l l i s i o n s ,  and the magnitude of  t h a t  s p l i t t i n g  v a r i e s  i n  the  course  
of t h e  c o l l i s i o n .  The c l a s s i c a l  methods (analogous,  f o r  example, t o  C231) 
a r e  not  app l i cab le  f o r  the c a l c u l a t i o n  of t he  nonresonance absorp t ion  of 02, 
A t  first, t h e  express ion  f o r  m, was obta ined  by Stankevich c201 
a i6  cf the d e n s i t y  matr ix  i n  s p e c i f i c  i d e a l i z a t i o n s .  However, t h e  e x t r a c t i o n  

i n  t h e  form of t he  Van Vleck-Weisskopf l i n e .  

w i t h  the  

* Eviden t ly ,  v $ r  should  b e ,  f i r s t  of a l l ,  s u b s t i t u t e d  by $*-(A&I/Y:* 

[see page 83 * *  
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* *  [from page 63 , .  I n  a c l e a r  atmosphere radiowaves i n t t h e  25+  60cm 
band are absorbed only by oxygen molecules;  at t h e  same time, the resonance 
p a r t  o f  the  absorption c o e f f i c i e n t  is aiicfi lese  thacn tho  nanresonance one 
(the corresponding r a t i o  being near 0 , 0 1 % ) . I n  wavelengths - 1 -  2 m m  the  
absorpt ion  i n  the  atmosphere under standard condit ion6 is  determined by the  
r o t a t i o n a l  spectrum of  water vapors [221. However, the oxygen part  o f  absorp- 
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of q u a n t i t a t i v e  informat ion  is i n  t h i s  c a m  a l s o  b e s e t  with cumbersome 

c a l c u l a t o r y  procedures.  No s t r i c t  k i n e t i c  examination of the  ques t ion  of 
nonresonance abeorpt ion of  0,in t he  e n t i r e  microwave band has been made 

a v a i l a b l e  t o  d a t e .  

Meanwhile, t h e  i n t e r p o l a t i o n  of experimental  d a t a  c19, 21, 24, 25, 313 
lead& t o  t he  fol lowing empir ica l  formula f o r  the  coef E ic i en t  of nonreaonance 

abirorption of radiowaves by a txospher ic  oxygen e t  sea l e v e l  i n  t h e  

v 5: 4O+100 g. cps : 
band 

T : ~  [ ~ ~ / K M I - =  0,022 + i,oz- 10-3 (v - 40). (5 )  

It may be seen  from formula (23) of the  work c201 t h a t  at b ina ry  
molecular c o l l i s i o n s  the  va lue  of  To' near t h e  reconance f requencies  is 
propor t iona l  t o  ( f a r  from the resonance 7 & - P s  c201). Inasmuch a6 the  
e x c i t a t i o n  of t h e  maznetic moment of 
of t h e  neighboring molecules,  not all t h e  molecular c o l l i s i o n s  by far  are 
re spons ib l e  f o r  nonresonnnce absorpt ion.  O f  a11 t h e  main atmospheric gases 
only  oxygen molecules a re  endowed w i t h  a magnetic d ipole  moment; t h a t  is 
why the  c o l l i e i o n s  

mrnent, F;hile t he  c o l l i s i o n s  0 -N2 are i n e f f e c t i v e  ( a t  l e a s t  i n  t h e  d ipole-  
di.lpole approximation f o r  t h e  value of  t h e  nonresonsnce absorp t ion  of oxygen, 
Tzkinz i n t o  account t h e  concent ra t ion  of oxygen i n  the atmosphere f =0.21 

and the  circumstance t h a t  TMp-p, w e  mny wr i te  t h e  formula ( 5 )  f o r  pure 
o.r-ygen i n  the  form 

*? 

O2 t&ec p l ace  i n  the  magnetic f i e l d  

02 - O2 are  capable of e x c i t i n g  t h e  magnetic d ipo le  

2 

I n  formula ( 6 )  .3 is exprerced i n  g. cps and P i n  mm. Hg. 

Eviden t ly ,  t he  d e s c r i p t i o n  of  the nonresonance absorp t ion  of e l e c t r o -  

magnetic waves by oxygen molecules us ing  the c o r r e l a t i o n  (6) is q u i t e  rough. 
Formula ( 6 )  r a t h e r  g ives  a smoothed (averaged)  course of the  va lue  of f 
by t he  band. However, t h e  a l ready  h a s t i l y  introduced c a l c u l a t i o n s  are ev i -  

dence t h a t  t he  account ing for t he  nonresonance absorp t ion  nay r e s u l t  s u f f i -  
c i e n t  f o r  t h e  i n t e r p r e t a t i o n  of measurements of  c33 up to pres su res  P z7 atm. 
I n  r e a i i t y ,  t h e  r t s ~ r i z c e  abscr~tSon .( i n  the  re-..ion Z5mm v a r i e s  l i t t l e  IP 

fif 

.. ccnt inued from page 8 3 . . . e  t i o n  i n  these wave6 i s  determined by the  
nonresonance absorp t ion .  
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a t  p r e s s u r e s  P 3 6  -c 7 atm (see F i g s .  1 - 31, while the  nonresonance p a r t  

of abso rp t ion  y' rises propor t iona l ly  t o  F2 ( a t  b ina ry  c o l l i s i o n s  of mole- 
c u l e s  ThuP , at P 1 atm and i n  the  frequency = 1.98 cm-1 the  r a t i o  is 

NP 

yHp/yp31,7%, and at P CZ 6 atm, i t  i t 3  THP/Tp"24%. 

3. - We computed the  absorp t ion  c o e f f i c i e n t  of  molecular oxygen of 
lCO%concent ra t ion  on a computer the formula 

+ [0,50 + 2,31- lo-* ( v  - 40)] [- , 
{ 760 ")' 

(7) 

where the nonresonance p a r t  of absorp t ion  i s  descr ibed  by a semiempir ical  

i n t e r p o l a t i o n  express ion  (see above), and the  resonance p a r t -  analogously 
t o  C91. I n  formula ( 7 )  A = 12.73 * 

( K  + 1) ( 2 K  - 1) 
K 

r2,- = , 

P i s  expreased i n  am. Hg, J i n  g.  cps,  t h e  temperature T was assumed t o  be 

3OOoK. The reconance f repuencies  using i n  c a l c u l a t i o n s ,  vere  borrowed 

from c51 ( s e e  Table 1 )  **.  T h e  r e ~ o n a n c e  f recuencies  v ~ *  f o r  t h e  va lues  
K = l  -+- 23 were measured a t  loud pret=siire i n  C26 - 291. The measured va lues  
of  V K - +  coinc ide  w i t h  t h e  value€ computed i n  C28, 291 (discrepancy 5 0.003%), 
whicl; i r  evidence of s u f f i c i e n t  p rec i s ion  of conluuted va lues  "KI even a t  
K > 23, t h a t  i s ,  for thoEe t r a n s i t i o n s  whose resonance f requencies  were not  
measured. The half-widthe of t h e  s p e c t r a l  l i n e s  of 02 were compute6 by u6 
accord ing  t o  formula AVK+ = a v  = (aKkt)cp &*, t h e  v a l u e  1.17 g. cp8/ mm Hg, found 
i n  c91, being a t  the same time used f o r  ('K*)cP. For P = 760mm Hg t h e  i n -  

d i c a t e d  v d u c  ai (QK*)cp 0,030 C M - 1 ,  while i n  the  

atmosphere 6~ CY 0,027 &-I . 
i n  pure oxygen l e a d s  t o  

* The c o e f f i c i e n t  A is g r e a t e r  than A 1  of work c91 by 1/0.21 o 4.76 times, 
f o r  i n  r.91 oxygen i n  the  atmosphere i s  being considered. 

* *  I n  the s e c t i o n  3 of t h i s  =ark w e  drop t h e  index 0 i n  the denota t ion  
as w e  e s t ima te  t h a t  t h e  resonance iraquencfez zf 02da n o t  vary a t  preeLcure8 
cons idered .  
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The absorp t ion  c o e f f i c i e n t  of molecular oxygen, computed by t h e  

formula ( 7 )  i n  u n i t s  of y-106/vr a t  P = 0 -i 1 4  atm is  compared i n  Fig. 1 - 4 
( s o l i d  curve)  w i t h  the  erper imental  r e F u l t s  of  [:I, marked by c i r c l e s .  The 

dashed curve r ep resen t s  t he  absorpt ion c o e f f i c i e n t  of O2 computed with a 
l i n e  Phape according t o  t h e  k i n e t i c  equat ion  and without t ak ing  i n t o  account 
t h e  nonresonance p a r t  of absorp t ion .  

T A B L E  1 

RESONANCE FREQUENCIES OF 
MOLECULAR OXYGEN 

Quantum number 
K 

1 
3 
5 
7 
9 

11 
13 
‘5 
17 
19 
21 
23 
25 
27 
29 
31 
33 
35 
37 
39 
41 
43 
45 
47 
49 

56,2652 
58.4466 
59,591 0 

61,1506 
61.8002 

63,9978 
63,5685 
64.1 !276 
64,6789 
65,234 I 
65.7616 
66,2978 
66.831 3 
67,3627 
67,8923 
68.4205 
68,9478 
69,4741 
69,9398 
70.5249 
7 1,0497 
71,5743 
72,0986 

60,4348 

62;1 I I2 

3 cg. cps l  
K- 

1 18,7455 
62,4862 
60,3060 
59.1642 
58.3239 
57.61 23 
56.96S7 
56,3632 
55,7841 . 
55,2208 
54) i7 25 
54,l:rOo 
53,5976 
53,0695 
52.5458 
52,0259 
51,5091 
50,9949 
50,4830 
49,9730 
49,4648 
48,9582 
48,4530 
47,9492 
47,4465 

- 
It may be seen  from Figs  1 - 3 t h a t  i n  t h e  f requencies  3 = 1.8. cui1 

(54.3 g. c p s ) ,  1.98 cmol (59.4g. cps ) ,  2.01 cm” (60.3 g .  cps), t he  depa r tu re  
of t h e  computed absorp t ion  c o e f f i c i e n t  u s ing  formula (7 )  from the  measured 

one does no t  exceed 15% t o  p r e s ~ u r e s  P 7 - 8 atm. I n  these f requencies  
t h e  power correponde t o  exnerirnent theory no worEe than  i n  [31 ;horeve r ,  

t h e  d e s c r i p t i o n  of t he  O2 Epectrum i n  the given work is done, cont ra ry  t o  [3] 
wi thout  any add i t ion81  hypotheees, which riioietv@r call f n r  eer iaua  doubts ,  

(see s e c t i o n  1 ) .  



If a longs ide  with the  nonreEonance absorp t ion  of O2 vrhich undoubt- 
e d l y  t a k e s  p l ace ,  we take  i n t o  account t h e  frequency s h i f t  v K f ,  nroposed 

by t h e  au tho r s  of c 1 ,  31, t h e  depar ture  between t h e  experimentel  and theo- 

r e t i c e l  r e s u l t s  i n  the f requencies  3 3: 1.81 cm‘l. 1.98 cm” and 2.01 cm-1 
a t  P ;S 7 atm w i l l  r each  3 O - c  4&. 

I n  two o t h e r  f requencies  J n:1.63 cm” (48.9 g o  c p s )  and 2.29 cm-’ 
c 

(68.7 (3. cps), which belong t o  the  ends of  t he  i n v e s t i g a t e d  band (48; 7Og.cpe) 

t h e  agreement of ou r  c a l c u l e t i o n  w i t h  t h e  d a t a  of c33 is worse than  i n  t h e  
f requencies  i n d i c a t e d  above ( see  Fig. 4 ) .  This  is  explained appa ren t ly  by 
t h e  circumstance,  whereby the  c o r r e l a t i o n  (6)  is qu i t e  roughly desc r ib ing  

t h e  resonance absorp t ion .  Meanwhile, t h e  d e t a i l s  of nonresonance absorp t ion  

acqu i re  s u b s t a n t i a l  s i g n i f i c a n c e  at t h e  ends of  t h e  band 48-c 70 g.cps, 
where t h e  resonance and noresonance p a r t s  of  abeorpt ion a r e  a l r eady  commen- 

s u r a t e  a t  s tandard  condi t ions .  It should hocrever be noted t h a t  i n  the  f r e -  
quencies of  1.63 cm-’ and 2.29 cm-’, a rough approximation of  nonresonance 
abso rp t ion  leads a lso  t o  t he  ove r ra t ing  of  experimental  r e s u l t s .  Th i s  a l lows 

us t o  hope f o r  t h e  e f f e c t i v e n e s s  of t h e  discussed abso rp t ion  mechanism a t  
i t F  more p r e d s e  d e s c r i p t i o n  i n  these f requencies .  The only except ion  is e t  

9 = 1.89 cm-’, where the  e-perimentel  r e F u l t s  of C31 exceed both,  our  r e ~ u l t s  
and t h o E e  computed i n  C31 
w i t h  resonance f reouencies  s h i f t .  

f o r  t h e  value o f  t he  abaorp t ion  c o e f f i c i e n t  of O2 

Alongside w i t h  t h e  apgroximate charac t&pha de r  c r i p t i o n  of nonreso- 
nence abso rp t ion  wi th in  t h e  framework of binary c o l l i e i o n s  model we s h o d d  

a l s o  p o i n t  o u t  t h a t  t he  b inary  c o l l i s i o n  model i t s e l f  become6 i n v a l i d  a t  
h igh  p res su res .  Thus, spec t roscop ica l  e s t ima tes ,  completed while t ak ing  
i n t o  account t h e  value of t h e  e f f e c t i v e  diameter  o f m o l e c u l e  0 c o l l i s i o n s ,  
show t h a t  a t  p re s su res  P 5 8 t  9 a t m ,  one should expect c o l l i s i o n s  between 

more than two molecules i n  oxygen, That is  why t h e  bad agreement between t h e  

c a l c u l a t e d  
exp la ined  by t h e  inf luence  of  numerous c o l l i s i o n s  and an inc rease  of t h e  

r o l e  of d e t a i l s  i n  the  desc r ip t ion  of nonresonance ab fo rp t ion  which a r e  not 
accounted f o r  i n  formula ( 6 ) .  F i n a l l y ,  the  experimental  ma te r i a l  on radiowave 

a b s o r F t i o n  by oxygen molecule6 at inc reased  preseure h86, F O  f a r ,  a fragmen- 
t a l  c h a r a c t e r ,  and not  a l l  t he  e:.perimental d e t a  may be interre lated,  Tk??ls; 

z 

and experimental  curves i n  Figs. 1 - 3 at P 3 7 + 8 atm may be 
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t h e  measurements of E11 a t  P 5 3  8 atm i n  the  frequency 9 a 2.3 g. cps, 
where t h e  abso rp t ion  is determined only by t h e  nonreronance p a r t  of t h e  
epectrum, agree s a t i s f a c t o r i l y  with t h e  computetions by the Debye formula 

(diFcreFancg 6 15%>, though the l a t t e r ,  a6 already mentioned above, does 

no t  r e f l e c t  a t  all t h e  essence of nonreaonance abso rp t ion  of O2 and pro- 
V i d e 6  a c o r r e c t  o r d e r  of magnitude o f  t h e  absorp t ion  c o e f f i c i e n t  for molecu- 

lar oxygen i n  c e r t a i n  wavelengths f o r  a f i x e d  pressure  only on cond i t ion  
of  s u c c e s s f u l  assor tment  of t h e  magnitude of  t he  r e l a x a t i o n  parameter.  
However, experimental  d a t a  of c13 i n  t h e  frequency J z 2.3 g o  cpe appear  

t o  be 6 u b s t a n t i a l l y  under ra ted  by comparison with t h e  measurements of ref.  
[19 ,24 ,  311 if t h e  l a t t e r  are converted t o  pure oxygen a t  p r e s s u r e s  P 

3-c 8 atm. 

Taking i n t o  account t he  r e s u l t s  of t he  works c2, 31 and t h e  annote-  
t i o n s  of the presen t  work, we should comlude  t h a t  t he  absorp t ion  spectrum 

of 9 i n  t h e  band 3 = 4 b  - 70 g.cps may be descr ibed  by t h e  s tandard  
method (see c91)  t o  pressure8  P z 7  + 8 atm. A t  the  same t i m e ,  w e  have 

t o  e.ctimate t h a t  t h e  resonance f r e s u e a c i e s  of oxygen t r a n s i t i o n s  are not  

dependent on pressure  (see T a b l e  1). 

The au thor  i s  indebted t o  S. A.  Zhevakin f o r  reading t h e  manuscript 
end m e z e n t i n g  h i 6  remarke, t o  IC. S. Stankevich f o r  t h e  u,ceful  d i ~ c u s s i o n  
and. a l s o  t o  I. A. Rakova f o r  her h e l p  i n  improving the  r e e u l t s .  

Con t rac t  No. NAS-5-376 
Consu l t an t s  and Designers ,  Inc .  

Ar l ing ton ,  V i r g i n i a  

Trans la ted  by ANDRE L o  BRICHANT 

on 6 -  8 December 1965 
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